etween one-quarter and one-third of patients with a posterior fossa brain tumor (PFBT) will experience persistent hydrocephalus following posterior fossa resection. 3, 7, 11, 21, 27, 29 Historically, this comorbidity has been addressed by placement of a ventriculoperitoneal shunt (VPS), the complications and failures of which are well described. 4, 27, 28, 30 Within the last 2 decades, the utility of endoscopic third ventriculostomy (ETV) for this etiology of hydrocephalus has been demonstrated by long-term success rates that, in some reports, eclipse those of VPS surgery. 20, 26, 29 Most studies, however, are plagued by limited patient numbers, which restricts power, and uncontrolled OBJECTIVE Up to one-third of patients with a posterior fossa brain tumor (PFBT) will experience persistent hydrocephalus mandating permanent CSF diversion. The optimal hydrocephalus treatment modality is unknown; the authors sought to compare the durability between endoscopic third ventriculostomy (ETV) and ventriculoperitoneal shunt (VPS) therapy in the pediatric population. METHODS The authors conducted a systematic review of articles indexed in PubMed between 1986 and 2016 describing ETV and/or VPS treatment success/failure and time-to-failure rate in patients < 19 years of age with hydrocephalus related to a PFBT. Additionally, the authors conducted a retrospective review of their institutional series of PFBT patients requiring CSF diversion. Patient data from the systematic review and from the institutional series were aggregated and a time-to-failure analysis was performed comparing ETV and VPS using the Kaplan-Meier method. RESULTS A total of 408 patients were included from 12 studies and the authors' institutional series: 284 who underwent ETV and 124 who underwent VPS placement. The analysis included uncontrolled studies with variable method and timing of CSF diversion and were subject to surgeon bias. No significant differences between cohorts were observed with regard to age, sex, tumor grade or histology, metastatic status, or extent of resection. The cumulative failure rate of ETV was 21%, whereas that of VPS surgery was 29% (p = 0.105). The median time to failure was earlier for ETV than for VPS surgery (0.82 [IQR 0.2-1.8] vs 4.7 months , p = 0.03). Initially the ETV survival curve dropped sharply and then stabilized around 2 months. The VPS curve fell gradually but eventually crossed below the ETV curve at 5.7 months. Overall, a significant survival advantage was not demonstrated for one procedure over the other (p = 0.21, logrank). However, postoperative complications were higher following VPS (31%) than ETV (17%) (p = 0.012). CONCLUSIONS ETV failure occurred sooner than VPS failure, but long-term treatment durability may be higher for ETV. Complications occurred more commonly with VPS than with ETV. Limited clinical conclusions are drawn using this methodology; the optimal treatment for PFBT-related hydrocephalus warrants investigation through prospective studies.
study design, which injects bias. The relative effectiveness between ETV and VPS therapy in patients with persistent hydrocephalus is unknown. 18 In this study, we conducted a systematic review of the durability of treatment for PFBTrelated hydrocephalus and compared the time to reintervention for ETV and VPS.
Methods

Article Selection
A PubMed search was performed for articles published between 1986 and 2016 in English using the following search algorithm: (((pediatrics OR pediatrics OR pediatric) OR (child OR child OR children)) AND (hydrocephalus OR hydrocephalus)) AND (tumor OR neoplasms OR neoplasms OR tumor)) AND (ETV OR shunt OR (CSF AND diversion)) AND (infant OR child OR adolescent). Initially, 3518 article titles were reviewed for content and relevance. References from reviewed articles were also examined for possible incorporation. Articles were included if they contained the following data: 1) incidence and timing of shunt and/or ETV failure, 2) pediatric patients (< 19 years) with PFBT-associated hydrocephalus, and 3) distinguishable failure rates between either primary VPS surgery or ETV. Exceptions were made for studies without both incidence and timing of failure, if at least one (incidence or timing) was reported and procedure-specific details regarding at least 4 of the covariates listed in Table 1 were reported. Such studies were included to maximize the integrity of characterization of the 2 treatment cohorts and thereby promote generalizability to nonstudy cohorts of ETV or VPS therapy. Treatment failure was designated whenever a repeat intervention for hydrocephalus was reported, including repeat ETV or VPS insertion (for primary ETV), or VPS revision or ETV (for a primary VPS). Complications from each source article were tabulated across studies and included infection, shunt malposition, aborted ETV, ependymal vascular injury, extraaxial hemorrhagic or CSF collection, ocular palsy, and hypothalamic disturbance. Studies were excluded for any of the following reasons: adult and pediatric patients were indistinguishable, PFBTs were indistinguishable from other tumor types/ locations, and intrinsic brainstem gliomas and/or pineal region tumors were present. Only peer-reviewed articles were considered for inclusion; abstracts and presentations were ineligible. The rationale of article inclusion is depicted in the PRISMA flow diagram 19 (Fig. 1) .
Original Data Extraction
Given the imbalanced treatment groups caused by a paucity of published data on shunt durability, original data were extracted from our institutional PFBT database, which included 151 posterior PFBT resections between 2002 and 2015. Because of the surgical preference by a former institutional surgeon, 33 patients with persistent postoperative hydrocephalus were treated using VPS-a decision that was independent of baseline patient and tumor characteristics. No institutional patients were offered ETV. Patient demographics, tumor characteristics, resection data, and hydrocephalus treatment and outcome were documented and incorporated along with the systematic review data. For extraction of institutional data, IRB approval was obtained.
Statistical Analysis
Descriptive data are reported as the mean (SD) or median (IQR) as dictated by their distribution, with relative proportions as percentages. Nonnormal continuous data were compared using the Wilcoxon rank-sum test. Categorical variables, including the presence of failure between groups, was compared via the chi-square test. Survival curves were created utilizing the Kaplan-Meier method, with the time-to-first-failure data as the end point of interest. Here, survival is defined as the absence of need for a subsequent CSF-diverting procedure and absence of death from hydrocephalus. Unadjusted equality of survival duration was examined with the log-rank test. A multivariate Cox regression was not performed given the nature of the pooled data, which was not disaggregated for each covariate relative to the individual patient.
Data were initially collected and managed using Research Electronic Data Capture (REDCap) tools. 14 Data analysis was conducted utilizing Stata v14 (StataCorp LLC).
Results
In total, 12 studies were included. 1, 2, 6, 9, 10, 13, 15, 22, [24] [25] [26] [27] Figure 1 demonstrates stepwise exclusion of candidate articles, following PRISMA guidelines. 19 Along with 33 VPS patients from Vanderbilt, a total of 408 patients were included within the analysis: 284 who underwent ETV and 124 who underwent VPS insertion. All studies were retrospective cohort reviews of institutional data, and all were published after 2000. Expectedly, the distribution between ETV and VPS surgeries across studies was heterogeneous; treatment allocation within each study is displayed in Table 1 .
Comparing ETV and VPS groups, there were no significant intergroup differences in age, sex, tumor grade or histology, metastatic status, or extent of resection (EOR). Full patient characteristics are listed in Table 2 . As a result of incomplete data within included papers, the sum of tabulations from some categorical counts do not equal the full cohort.
The median times to last follow-up for the ETV and VPS groups were 26.2 months (IQR 21.0-27.4 months) and 25 months (IQR 22.8-37 months), respectively. The cumulative failure rate of ETV was 21%, whereas that of VPS was 29%, but this difference did not reach statistical significance (p = 0.11). The median time to failure was The Kaplan-Meier survival curves in Fig. 2 depict the relative durability of CSF diversion between ETV and VPS surgery. Early ETV failures produced a steep curve that leveled beyond 2 months. The VPS curve, on the other hand, was more gradual initially and crossed the ETV curve at 171 days, or 5.7 months. While fine differences between curves can be appreciated visually, a significant survival advantage was not demonstrated for one procedure over the other (p = 0.21, log-rank, unadjusted).
Postoperative complications were higher following VPS placement (31%) than ETV (17%) (p = 0.012) and included infections, shunt malposition, extraaxial hemorrhages, and cranial nerve palsies (variably detailed among source articles). A single death was reported in a case in which ventriculitis developed and the patient died 4.5 months after VPS insertion.
Discussion
In this systematic review, data were pooled from studies reporting the rate and timing of failure of CSF diversion between ETV and VPS. With more than 400 patients, this represents the largest analysis examining the relative durability between ETV and VPS in patients treated for hydrocephalus secondary to a PFBT. Overall, the 2 cohorts were well matched in terms of age, tumor characteristics, and EOR, lending validity to subsequent comparison analyses. Furthermore, the median age, the pattern of specific tumor grades requiring CSF diversion, and the distribution of EOR all compare favorably with the literature. 11, 23, 25, 26, 30 There was no significant difference in overall failure rate or in survival duration between the 2 CSF-diversion groups. The burden of failures occurred sooner for ETV than for VPS surgery, while more postoperative complications were observed following VPS treatment than ETV.
Hydrocephalus in the setting of a PFBT is common, occurring in approximately 80% of patients before resection. 5, 30 While the majority will experience resolution following removal of the obstructing pathology, about 30% will have persistent hydrocephalus requiring permanent CSF diversion. 3, 7, 21, 29 Riva-Cambrin et al. have developed, and then modified, a clinical score to help surgeons predict which patients are likely to develop postoperative hydrocephalus, based upon age, degree of hydrocephalus, presence of metastases, presence of transependymal edema, and preresection estimated tumor diagnosis. 11, 23 Patients with a low likelihood of persistent hydrocephalus could be spared prophylactic, extraneous CSF diversion. But while the modified Canadian Preoperative Prediction Rule for Hydrocephalus (or mCPPRH) scale may help determine if a patient will need CSF diversion, it remains unclear how such a patient is best treated-ETV or VPS?
There are very few studies specifically reporting duration of VPS survival, likely a product of publication bias. In the largest such study, incorporating more than 3500 patients, Cochrane and Kestle reported a 6-month cumulative success rate of approximately 65%. 5 However, this included patients from within all origins of hydrocephalus, and the study itself was designed to detect differences between surgeon experience levels. In a separate study including 28 patients with persistent hydrocephalus following medulloblastoma resection, no patients with a VPS required early reintervention (100% success) compared with 4 of 5 ETV patients in whom the ETV was converted to a VPS (20% success). 27 More recently, however, ETV has been advocated given its familiarity among pediatric neurosurgeons and the inherent freedom from hardware dependence. Both Drake 8 and Kulkarni et al. 17 reported that ETV was successful in more than two-thirds of the ETV-treated patients among those with tumor-related hydrocephalus. Others studies with more modest enrollment figures have reported success rates exceeding 90%. 20, 29 In the largest study to date comparing these 2 treatments, Kulkarni et al. analyzed more than 1200 patients with hydrocephalus, 223 (18%) of whom the etiology was tumor related. 16 Our results reflect their findings on several fronts. First, there appears to be a higher risk of early failure among patients treated with ETV. Specifically, Kulkarni et al. found a 20% higher early failure rate in the ETV group relative to the VPS group. Second, over time, the risk of ETV failure became lower than that of VPS failure, indicating that the treatment advantage of ETV is only seen beyond the early postoperative period. Third, the point at which the unadjusted survival curves overlap (i.e., the time point at which the risk of VPS failure supersedes that of ETV) occurs at or before 6 months postoperatively: at 3 months in the Kulkarni et al. report 16 and at 5.7 months in our pooled analysis.
The implications of these results on a potential trial comparing ETV and VPS surgery for PFBT-related hydrocephalus warrant comment. While a statistically significant difference in failure rates (29% vs 21%) was not observed, this likely represents cohort imbalance, rather than true power limitation. Assuming a power of 0.8 and Type I error of 0.05, 370 patients would need to be enrolled in such a trial. Collaborative clinical trial networks such as the Hydrocephalus Clinical Research Network or the Children's Oncology Group could design and conduct a trial spanning 3-5 years. Beyond simply informing the field of the absolute difference in success between procedures, such a study would also elucidate potential predictors of failure in PFBT-related hydrocephalus, including age, prior CSF-diversion procedure, and/or radiologically depicted cisternal architecture.
Limitations, Perspective, and Future Directions
The findings of this study must be carefully examined in relation to several important limitations. First, no study included controlled treatment cohorts, few described a balanced treatment allocation, some reported variable timing of ETV, and several reported findings from only a single treatment arm. As a result, for each study, surgeon bias must be considered, and balanced characteristics between ETV and VPS cohorts, while suggested, cannot be confirmed. Many well-designed, impactful studies on hydrocephalus related to PFBT had to be excluded, because details of either treatment failure or time to failure were not reported among the results. 8, 17, 20, 23, 29 Additionally, because individualized patient variables could not be extracted from most articles, multivariate analysis was not possible; therefore, survival figures were not adjusted for important known predictors of ETV/VPS failure, such as age. Instead, we could only demonstrate overall equality between ETV and VPS cohorts as a whole (Table 2) . Also, due to a lack of data reporting within articles, we were unable to describe the number of revision or redo surgeries performed over the follow-up period. This is a particularly relevant limitation when considering patient inconvenience and resource utilization between 2 procedures. Anatomical and clinical variations such as ventricular volume, adjuvant chemotherapy or radiotherapy, and disposition status, are also important variables that were excluded from our analysis secondary to mixed reporting. Similarly, limited and heterogeneous reporting of compli- cations precluded a detailed comparison of the type and degree of complications between cohorts. Last, this study was unable to examine the role of perioperative external ventricular drainage and its potential influence on ETV or VPS durability.
In light of these limitations, it is our opinion that the durability values between ETV and VPS carry more value as descriptive entities recounting the available literature, rather than conclusive evidence to support or refute a previously held bias regarding the optimal method of CSF diversion in PFBT. At best, the absence of a survival advantage between the 2 surgeries in this study provides equipoise on the subject matter. To this end, these results should serve less as definitive evidence and more as a call to action to the pediatric neurosurgery community. Currently there is no high-or moderate-level evidence offering insight into the durability of ETV and VPS for PFBT. And yet tumor-related obstructive hydrocephalus is among the most common causes of hydrocephalus in the pediatric population. 8, 17 Moreover, while its prevalence alone should motivate a search for answers, the intrinsic survival-limiting nature of the disease makes the question of treatment durability even more crucial. For example, the relative impact of a repeat ETV on a patient with medulloblastoma awaiting craniospinal irradiation is perhaps greater than for a child with longstanding congenital hydrocephalus. Similarly, multiple VPS revision surgeries following ependymoma resection might more dramatically influence the remaining quality of life for a child who has been given a limited 5-year survival prognosis than for a child with hydrocephalus not caused by a high-grade brain tumor. Whether the child has had an ETV or a VPS operation, complication-free durability-especially for the first 2-3 years-is critical for this population.
Many studies have examined predictors of hydrocephalus following PFBT resection. 11, 12, 23 These authors have eloquently described the relative contribution of several variables to the development of hydrocephalus, and they have provided invaluable information for surgical decision making and patient and family counseling. But how are we to proceed after hydrocephalus has been diagnosed? Which approach will minimize future hydrocephalus interventions while still providing adequate CSF diversion? Perhaps there is more than one answer. These and others' results suggest that a VPS system is less susceptible to very early failure but that over time ETV may be more durable. Is it possible, then, that VPS is the best option for children with aggressive tumors and limited survival, while those with low-grade lesions fare better with ETV? Issues like these remain uncertain, yet, with greater clarity, may too come improvements in quality of life, resource utilization, and overall survival. Between multiinstitutional collaboration and thoughtful study design, it seems the tools to answer these questions are well within reach.
Conclusions
Endoscopic third ventriculostomy failure occurs sooner than VPS failure, but the long-term treatment durability may be higher in the former. Complications occur more commonly following VPS than ETV. The optimal treatment for PFBT-related hydrocephalus warrants investigation through prospective studies.
